Kinetic and dynamic studies of the Cl(2 P u) + H2O( X ̃ 1 A 1) → HCl( X ̃ 1Σ+) + OH( X ̃ 2Π) reaction on an ab initio based full-dimensional global potential energy surface of the ground electronic state of ClH2O J. Chem. Phys. 139, 074302 (2013) Reactive collisions between O − and H 2 have been studied experimentally at temperatures ranging from 10 K to 300 K using a cryogenic radiofrequency 22-pole ion trap. The rate coefficients for associative detachment, leading to H 2 O + e − , increase with decreasing temperature and reach a flat maximum of 1.8 × 10 −9 cm 3 s −1 at temperatures between 20 K and 80 K. There, the overall reaction probability is in good agreement with a capture model indicating efficient non-adiabatic couplings between the entrance potential energy surfaces. Classical trajectory calculations on newly calculated potential energy surfaces as well as the topology of the conical intersection seam leading to the neutral surface corroborate this. The formation of OH − + H via hydrogen transfer, although occurring with a probability of a few percent only (about 5 × 10
I. INTRODUCTION
The reaction of O − with H 2 is one of the simplest anionneutral systems and as such it has been studied many times theoretically and experimentally. To our knowledge, there are no measured reaction rate coefficients for temperatures below 170 K. At low temperatures, two exothermic reaction channels are open. These are associative detachment (AD),
− → H 2 O + e − , ∆H = −3.58 eV (1) and hydrogen atom transfer
with reaction rate coefficients k 1 and k 2 , respectively. The given reaction enthalpies were calculated from the enthalpies of formation of neutrals 1 and electron affinities. 2, 3 The formation of metastable H 2 O − via radiative association is also energetically allowed, 4 but this process has not yet been confirmed experimentally. Studying the temperature dependence of the two reactions provides a probe for investigating the structure and reactivity of the fundamental H 2 O − system at low energies. At higher energies, this system has recently been studied theoretically 5 and experimentally [6] [7] [8] by means of dissociative electron attachment to the neutral water molecule. Other studies include the work of Claydon et al. 9 and the detailed potential energy surface calculations of Werner et al. 4 Experimental studies of the rate coefficients of reactions (1) and (2) and their temperature dependencies have been carried out before at room temperature and above using drift tubes, flowing afterglow, tandem mass spectrometry, and an octopole ion trap instrument. 10, 11 A study at mean collision a) Author to whom correspondence should be addressed. Electronic mail:
Stepan.Roucka@mff.cuni.cz energies down to 0.02 eV was carried out using a temperature variable flow/drift tube. 12 Furthermore, the kinetic energy distribution of the electrons produced in associative detachment has been studied by Mauer and Schulz, 13 Esaulov et al., 14 and Jusko et al. 11 Using crossed beams, energy partitioning in the O − + D 2 → OD − + D reaction has been reported recently by Lee and Farrar. 15 The results of all these studies indicate high internal excitation of the produced H 2 16 Molecular hydrogen is present in two nuclear spin configurations: ortho-and para-H 2 . The lowest rotational states of ortho-and para-H 2 are separated by ≈15 meV. In the present experiments, we are using normal hydrogen; hence, the ratio of ortho-/para-H 2 concentrations is fixed at the statistical value, 3:1 (see discussion in Ref. 17) . Concerning the population of the two O − fine structure states, reached in the trap via collisions with He and H 2 , we can only speculate. Analysis of drift tube experiments by Viehland et al. 18 suggests that the relaxation of fine structure states of O − by collisions with helium is slow and the ratio of O − ( 2 P 1/2 ) to O − ( 2 P 3/2 ) concentration is 1:2 according to the statistical probability of production in the ion source. Collisions with H 2 are not expected to contribute to relaxation, because at low temperatures almost every collision of O − with H 2 is reactive. This work presents an experimental and theoretical study of collisions of O − with H 2 at low temperatures. In the following, we will first describe the experiment and the measured temperature dependencies of rate coefficients for AD and hydrogen atom transfer. In the section Calculations and theory, we introduce briefly into the calculation of the H 2 O − potential energy surfaces and provide a detailed basis for explaining the measured results. In Conclusions, we summarize the results and provide some information on planned work.
II. EXPERIMENT
To study reactive collisions of O − ions with H 2 , we used the cryogenic 22-pole radiofrequency ion trap. Because a thorough description of the instrument can be found elsewhere, [19] [20] [21] only a few hints are given here. Primary O − ions are produced by electron bombardment of N 2 O precursor gas in a storage ion source. 22 The ions are extracted from the ion source, mass selected, and injected into the linear 22-pole radiofrequency ion trap. 22, 23 The trap is cooled by a cryocooler reaching temperatures down to 10 K. The injected ions are thermalized to the trap temperature by collisions with helium buffer gas. The number density of helium is typically 100 times higher than the number density of the H 2 reactant gas, which is also leaked into the trap. The absolute number density of the reactant, which is required for determination of absolute rate coefficients, is determined using a BayardAlpert ionization gauge. A standard procedure for calibrating the ionization gauge using a spinning rotor gauge is used. We estimate that the total systematic error of the number density is below 20%. After a certain trapping/reaction time, the ions are extracted from the trap, mass selected, and counted using a microchannel plate detector. By repeating this procedure for different selected masses, trapping times, and H 2 densities, one can obtain the time evolution of relative numbers of ions in the trap. In particular, the relative numbers of O − and OH − ions, denoted by N O and N OH , respectively, were measured for several H 2 densities as a function of time after injection of O − ions to the trap.
III. EXPERIMENTAL RESULTS
A typical measured time evolution of the numbers of trapped primary O − and product OH − ions, N O and N OH , is shown in Fig. 1, at The data were analyzed by least-squares fitting the measured numbers of ions with the analytic solutions of the corresponding kinetic equations. The good agreement of the fit with the measured data is illustrated in Fig. 1 given temperature and it is included in our analysis. Also for OH − ions, an additional loss was observed at temperatures above 200 K and included in the kinetic equations as an additional term. This increased the uncertainty of the fitted values of k 2 ; hence, more datasets had to be averaged in order to reach the desired accuracy at 300 K. At temperatures below 200 K, the OH − loss is negligible as verified by repeating the analysis with the OH − loss process included. From the evaluated time dependencies and the known number densities of H 2 , the reaction rate coefficients for both reaction channels were calculated. Measured linear dependencies of the loss rate on [H 2 ] confirmed that the evaluated rate coefficients correspond to a binary reaction with H 2 . By varying the trap temperature, the rate coefficients of both reactions were measured in the temperature range of 10-300 K. For reaction (2) , the accuracy of measurements at temperatures above 200 K is limited due to parasitic reactions. In order to test the influence of desorbing impurities, measurements were performed during the cooling down phase as well as the warming up phase (cold head switched off). As can be seen from (the polarizability of normal-H 2 at 77 K was used to calculate k Lang , 24 neglecting the small temperature dependence). Similar temperature dependence was recently observed for reaction of NH marked by a hollow star in panel (a) of Fig. 2 was measured in an octopole radiofrequency ion trap at 300 K by detecting the electrons produced in AD (reaction (1)). 11 This result is accurate within a factor of 2 due to systematic errors. Note that the primary goal of those studies was to record the energy distribution of electrons produced in AD.
Inspection of the overall temperature dependence of the rate coefficients indicates interesting trends. Note, however, that our results are thermal rate coefficients at temperatures ≤300 K while drift tube data were obtained at mean collision energies KE CM . They are plotted at corresponding temperatures above 300 K (with exception of one value at 176 K 12 ). The rate coefficient of reaction (2) is certainly a continuous extension of the data by McFarland et al. 10 and Viggiano et al. 12 while the rate coefficients of reaction (1) show a step at 300 K. However, considering that the overall uncertainty of our data is 20%, and the systematic and statistical errors of Viggiano et al. 12 are 25% and 15%, respectively, this step is nearly insignificant. It may be caused partly due to parasitic reactions in the trap at temperatures above 200 K but also due to errors in the older experiments. Nonetheless, there is no doubt that the overall reactivity of O − and H 2 increases steeply with temperature decreasing below 300 K. In the following, we provide a tentative explanation based on nonadiabatic coupling of the repulsive potential energy surfaces to the reactive one.
IV. CALCULATIONS AND THEORY
The complete theoretical description of the reactive O − + H 2 scattering is beyond the scope of this article and it will be subject of a subsequent paper. Here, we present some preliminary calculations and qualitative reasoning giving some insight into the dynamics of the processes of the interest. This section is organized as follows. We present the details of the ab initio calculation in Subsection IV A. The cuts of the lowest three potential energy surfaces (PES) along the reactive coordinate are also discussed there. These cuts indicate that only one of the three PES contributes to AD reaction. Finally, we discuss briefly the global topology of these surfaces including the information about the conical intersection structure. In Subsection IV B, we argue that the conical intersection is responsible for the fact that all three surfaces finally contribute to the process (as suggested by the size of the measured rate exceeding the Langevin rate). This argument is supported by classical trajectory calculations that are limited to individual uncoupled surfaces (calculation of the nonadiabatic coupling of the surfaces is left for the subsequent work). No quantitative information on reaction cross sections and branching ratios can be given as long as we neglect the nonadiabatic coupling. We thus remain on the qualitative level of discussion there. In Subsection IV C, a simplified quantitative model is, nevertheless, developed for the capture cross section. We believe that this model is relevant for explaining the shallow maximum in measured rates near 40 K.
A. Ab initio potential energy surfaces
First, we have calculated the potential energy surfaces for the three lowest electronic states leading to the O
, and 2 2 A ′ ). The positions of the nuclei were parameterized with Jacobi coordinates R (distance between nucleus of O and the center of mass of H 2 ), r (mutual distance of the two H atoms), and θ (angle between R and r vectors). Calculations have been done with the MOLPRO package 27,28 using the internally contracted multireference configuration interaction (MRCI) method 29 starting from MCSCF 30,31 with 1 closed orbital and 9 electrons in 10 active orbitals. In order to obtain the best results possible today, we did all calculations with aug-cc-pVTZ. 32 To localize the two-dimensional surface, where the anion states are embedded in the electron continuum, also the lowest state of the neutral H 2 O molecule has been determined on the same level of theory. The potential energy surfaces were obtained on a fine grid with θ ∈ ⟨0
• , 90
• ⟩ with step 10
• , R ∈ ⟨2a 0 , 10a 0 ⟩ and ⟨10a 0 , 20a 0 ⟩ with steps 0.2a 0 and 0.5a 0 , respectively, and r ∈ ⟨1.0a 0 , 2.0a 0 ⟩ and ⟨2.0a 0 , 2.9a 0 ⟩ with steps 0.05a 0 and 0.1a 0 , respectively. All distances here and in the rest of the 33 for which the energy difference is 0.23 eV.
To visualize the PES relevant for the understanding reactions (1) and (2), Fig. 3 − states may exist, is magnified in the inset. In Panel (b), the path is constrained to the linear geometry, θ = 0 • . In this case, the potential energy of the neutral H 2 O is too high-outside of the graph. calculation must be used to continue the curves deep into this region. We thus show only short portion of the PES calculated from quantum chemistry with the dashed lines. In panel (b), the minimum energy path is restricted to a linear molecular geometry (similar potential curve was shown for older calculation by Werner et al. 4 ). Here, the neutral H 2 O PES cannot be shown because it is far up, out of the energy scale of the graph. Inspection of the upper panel reveals that the system following the minimum energy path on the ground 1 2 A ′ PES passes through the autodetachment region, while the PES of the other two states are repulsive and do not allow to reach this region in low-energy collisions directly. There are also trajectories possible (e.g., along the linear PES shown in (b)) where the autodetachment region is avoided and one may reach the OH − + H product channel without electron detachment. However, it is energetically preferable to bend the molecule and to follow the path shown in Fig. 3(a) . This, together with a high probability of autodetachment, provides a first qualitative explanation for the small k 2 observed in the experiment.
More qualitative insight into the collision dynamics can be gained by inspecting the three surfaces that the O − + H 2 system has to follow during the first approach. In statistical theories, it is common to account for repulsive surfaces with a weighting factor which would be here 1/3 if the surfaces are not coupled at all. However, this does not apply to the present anionic system, because all three PES are first attractive before they split. This situation is shown in more detail in Fig. 4(a) . The data in this figure are calculated in linear geometry (with θ = 0
• , r = 1.4a 0 ) since the minimum energy path follows this line down to an O − − H 2 distance of 4.5a 0 . Note that two of the three states are degenerate, forming a 2 Π state due to the additional symmetry in linear geometry. All three PES follow the asymptotic behavior within ∼10 meV. We can therefore expect that first capture at low collision energies can be rather well understood from the motion in a potential that is close to the average of the three PES. Another important feature seen in Fig. 4(a) (see also the inset) is the conical intersection near R = 4.6a 0 , which couples all three states in the vicinity of the local potential minimum. To understand the global geometry of the conical intersection, we have to keep in mind that two of the PES are degenerate at linear geometry (it is 1 2 A ′ and 1 2 A ′′ for R larger than the intersection point and 2
2 A ′ and 1 2 A ′′ for small R). The three PES are thus just the three branches of one 3-dimensional self-intersecting surface, which intersects itself at linear geometry (2-dimensional intersection) and at a 1-dimensional curve (R = 4.6a 0 , θ = 0
• , r = 1.4a 0 is one representative point of this triple intersection). It is beyond the scope of the present paper to describe the nonadiabatic dynamics on this PES manifold and how and where the electron is ejected. Autoionization widths and the coefficients for nonadiabatic and spin-orbit coupling have to be found first. However, we will try to learn from the classical trajectory calculations on the three PES, disregarding any coupling.
B. Classical trajectories on uncoupled PES
First, we followed a set of trajectories on the lowest PES. All trajectories start in the asymptotic region R → ∞ with the hydrogen molecule close to its equilibrium geometry r = 1.4a 0 and with arbitrary initial orientation θ. The behavior of typical trajectories is as follows. As the colliding particles approach each other, the molecule has a tendency to align (θ → 0
• ) due to the long range quadrupole potential, staying close to reaction path (Fig. 3(a) ). When reaching the interaction region R ≈ 3a 0 on the PES of the ground state 1 2 A ′ , the trajectory is deflected towards the OH − + H asymptote by stretching r. The angle θ increases at the same time. When moving on the 1 2 A ′ ground electronic PES the trajectory can continue to the autodetachment region at r ≈ 2.2a 0 and θ ≈ 60
• . For treating electron detachment, the autodetachment mechanism must be quantified (autodetachment width). The measured energy distribution of electrons 11 suggests that the detachment is efficient, as it occurs soon after crossing the PES of the neutral. Also the measured rate coefficient of associative detachment between OH − and H shows that nearly every collision leads to detachment. 34 We also expect, in accordance with Fig. 3(b) that some trajectories can reach the OH − +H exit channel, avoiding the detachment region. According to the experimental results, this process occurs with small probability. As shown already in Fig. 3(a) , trajectories on the upper two electronic states cannot lead directly to autodetachment or rearrangement at low collision energies. A typical trajectory for the 2 2 A ′ PES and the position of the conical intersection among the three electronic states at θ = 0
• (black dashed line) are shown in Fig. 4(b) . The starting point of the trajectory is at the right (R = 12a 0 and r = 1.4a 0 ) and the particles are approaching each other on a straight line. During the reflection at short distances, vibration along the coordinate r is excited. The conversion of translational energy into vibration of H 2 hinders or forbids dissociation back to the initial channel. The trajectory thus becomes trapped in a long lived collision complex. It is easy to see that it passes beyond the conical intersection many times. Strictly speaking, the trajectory on single PES does not make sense beyond the conical intersection point since the 2 2 A ′ becomes degenerate with 1 2 A ′′ each time the system passes through the linear geometry enhancing the nonadiabatic coupling among PES. This corroborates our speculation from above: the many attempts accumulate to a large probability to jump to the lowest 1 2 A ′ state from where it does not come back because it can continue its way towards the autodetachment region or to the H atom transfer channel. It is thus plausible to assume that all three PES contribute to the detachment cross section (the lowest one directly and upper two through the conical intersection). We have already stressed that we cannot give more quantitative statement about the branching into individual product channels without accounting for nonadiabatic coupling, but in Subsection IV C we try to quantify the capture cross section for the formation of just described long lived collision complex.
C. Model for low-energy capture rate
Qualitative discussion in Subsections IV A and IV B suggests, that at low enough energies, the sum of the AD (the dominant channel) and the H atom transfer rate coefficients will become close to the total capture rate coefficient. To explain qualitatively the behavior of the rate coefficient at very low energies (where experiment shows deviations from the Langevin rate), we performed calculation of the cross section of capture within a simple 1D model with the following effective 1D potential model (in hartrees):
).
This function is obtained from ab initio data for R > 3a 0 . To take into account possibility of reorientation and stretching of the molecule, we take the ab initio data at fixed-R and diagonalize the Hamiltonian in r, θ space. The R-dependence of the lowest eigenvalue then produces the one dimensional potential energy curve for each of the three PES. Finally, the function V (R) above is the least squares fit to the average of the three thus obtained curves. V (R) is replaced by a constant for R < 3a 0 , since this region is not important for capture at low energies. Furthermore, at small R, we include the complex absorbing potential equal to −i/2 × Γ(R), with
The total absorption cross section for this potential is calculated solving the radial Schrödinger equation for sufficient number of partial waves. The cross section is integrated over Maxwell-Boltzmann collision energy distribution. The resulting capture rate coefficient is shown in Fig. 5 , together with our experimental data for AD. We also show the uncertainty of the capture model due to the absorbing function Γ(R) by varying the strength A between 0.2 and 1.0 and the position R c between 2.5a 0 and 3.5a 0 . To emphasize the small deviations from the simple Langevin model, we show in Fig. 5 the rate coefficient of reaction (1) normalized to the Langevin capture rate coefficient. The calculated rate coefficient qualitatively agrees with the measured curve. Its size even slightly exceeds the Langevin value due to additional short range attractive term somewhat strengthening the polarization potential. The presence of the maximum (and the associated drop in rate towards the lowest temperatures) can thus be directly related to the shape of the potential. The exact position of the maximum does not match the observed data. We attribute this mismatch to the averaging procedure used to produce the capture model. For more precise capture coefficient, we need to take into account the nonadiabatic coupling and not just the average, since two of the three PES are degenerate in linear geometry for each value of R. The calculated data also show the decrease of the rate at higher temperature but we expect that the simple capture model is not correct at higher end of temperature axis in Fig. 5 .
V. CONCLUSIONS AND OUTLOOK
The rate coefficients of associative detachment and hydrogen atom transfer between O − and H 2 have been measured at temperatures between 10 K and 300 K. This work thus provides data at so far unexplored temperatures below 176 K. The rate coefficient of associative detachment increases with decreasing temperature between 300 K and 80 K, then levels off at 1.8 × 10 −9 cm 3 s −1 between 80 K and 20 K, and finally decreases again to the value of 1.5×10 −9 cm 3 s −1 at 10 K. The rate coefficient of hydrogen atom transfer has a nearly constant value of 5 × 10 −11 cm 3 s −1 with a slight decrease at 10 K. The unexpectedly high value of the associative detachment rate coefficient is explained with the aid of calculated PES of H 2 O − . The classical trajectory simulations suggest that a longlived complex is formed in collisions on the attractive PES at low collision energies and that there is a high probability of transition to the reactive PES due to the conical intersection, which means that the reaction rate coefficient will be close to the capture rate coefficient. Since all three potentials are following closely the quadrupole + polarization behavior at large O − +H 2 separation, this capture rate is close to Langevin rate at low temperature. The Langevin value is even little bit exceeded (in accordance with measured data) since the PES are even slightly more attractive than the quadrupole + polarization. With increasing collision energy, the lifetime of the collision complex decreases due to easier possibility to escape back through attractive potential energy well and the rate coefficient approaches the fraction of Langevin rate. Furthermore, the presence of long-lived H 2 O − complexes points to the possibility of ternary association, i.e., stabilization by collision with third particle and consequent formation of metastable H 2 O − . Experimentally determined branching ratios show that hydrogen atom transfer occurs in less than 5% of reactive collisions. This observation can be explained by noticing that the reaction path of hydrogen atom transfer passes through autodetachment region. The paths that avoid autodetachment have to balance on the higher potential energy shelf, which is less probable.
The observed data are thus in good agreement with the theoretical arguments that follow from the calculated PES. However, to get a deeper understanding, further experimental and theoretical studies are needed. Experimental study of the isotopic effect of exchanging H 2 for D 2 is in preparation and we are planning to study the differences in reactivity between ortho and para nuclear spin configurations of H 2 by means of the 22-pole trap combined with a para-hydrogen generator.
We also plan to deepen our theoretical understanding of the dynamics in several respects. First, we will determine the autodetachment widths by running the R-matrix calculation 35, 36 of electron scattering on water molecule with relevant geometries. From this calculation, we plan to construct the nonlocal resonance model for the associative detachment, as we did previously for several diatomic systems. [37] [38] [39] Finally, we will also calculate the nonadiabatic and spin-orbit coupling among the three anionic states and run the scattering calculation of the nuclear dynamics to get state to state cross sections for both reactions (1) and (2) .
